We identified risk factors for acute and chronic graft-versus-host disease (aGVHD and cGVHD, respectively) in recipients after hematopoietic stem cell transplantation (HSCT) from unrelated donors in the China Marrow Donor Program (CMDP).
Background
Peripheral blood stem cell transplantation (PBSCT) from unrelated donors has become an important therapeutic tool for patients with blood diseases, especially hematologic malignancies. Improved treatment efficacy as a result of the development of human leukocyte antigen (HLA) matching techniques and higher numbers of unrelated donors have led to its increased use [1] , with an almost 3-fold increase in the last decade [2] . Peripheral blood grafts have many advantages [1, 3] . As compared to bone marrow grafts, peripheral blood grafts have higher levels of CD34+ cells and faster hematopoietic reconstitution after transplantation, reducing early transplantrelated mortality. In addition, anesthesia and surgery can be avoided, the number of blood transfusions is lower, and hospital stays are shorter.
Despite these advantages, most patients develop varying grades of graft-versus-host disease (GVHD) after transplantation as a result of the delivery of a large number of immunocompetent mature T cells, which interact with patient's antigen-presenting cells, resulting in a massive release of cytokines that may further amplify the immune reaction [4, 5] , leading to tissue and organ damage by donor T lymphocytes. Although prophylactic immunosuppression is always used, GVHD remains the main cause of treatment-related deaths and is one of the most significant factors affecting treatment efficacy for those undergoing PBSCT from unrelated donors [6] .
GVHD is divided into 2 categories according to the time of onset: acute GVHD (aGVHD) and chronic GVHD (cGVHD), with aGVHD was defined as occurring within 100 days following transplantation [7] . However, with the development of peripheral blood stem cell transplantation, the American Society of Hematology reclassified GVHD in 2012 according to the time of occurrence, pathogenesis, and clinical manifestations [7] . In this classification, aGVHD that occurs after 100 days is classified as delayed aGVHD, and cGVHD that occurs within 100 days, along with possible aGVHD symptoms, is classified as overlap syndrome.
Although the specific factors that lead to GVHD are not clear, the degree of HLA matching between donors and recipients [8, 9] , differences in sex between donor-recipient pairs [8, 10] , the conditioning regimen, GVHD prophylaxis, and cytomegalovirus (CMV) infection may be associated with GVHD. The present retrospective analysis aimed to investigate the risk factors associated with aGVHD and cGVHD, including sex, age, degree of human leukocyte antigen (HLA) matching, CD34+ cell dose, mononuclear cell (MNC) dose, conditioning regimen, and GVHD prophylaxis, in patients undergoing hematopoietic stem cell transplantation (HSCT) from unrelated donors in the China Marrow Donor Program (CMDP). This is the first large-scale, multicenter analysis of the factors associated with GVHD in China through the CMDP. Identification of factors associated with GVHD will enable earlier prophylactic treatment for patients at increased risk.
Material and Methods

Study participants
This retrospective study analyzed the clinical follow-up information from patients that received HSCT from unrelated donors between 2001 and 2010 using a database maintained by the China Marrow Donor Program. After duplicate and incomplete data were eliminated, 1824 cases were analyzed. Follow-up was completed in March 2013, with a median follow-up time of 620 days. The shortest follow-up time was 12 days, and the longest follow-up time was 2771 days. Patient informed consent was waived due to the characteristics of a retrospective study.
Disease diagnosis and status before transplantation
The diagnostic criteria of GVHD used in present study included the Seattle Gluckaberg criteria and the International Bone Marrow Transplant Registry (IBMTR) severity index [11] .
Pretreatment disease status was defined as follows. Status I included complete remission (first time) (CR1), chronic phasephase one (CP1), and myelodysplastic syndrome (MDS), including refractory anemia (RA), refractory anemia with ring sideroblasts (RARS), refractory cytopenia with multilineage dysplasia (RCMD), refractory cytopenia with multilineage dysplasia and ringed sideroblasts (RCMD-RS), and myelodysplastic syndrome-unclassified (MDS-U). Status II included complete remission (second time) (CR2), accelerated phase (AP), chronic phase-phase 2 (CP2), partial remission (PR), and myelodysplastic syndrome (MDS), including MDS RAEB I and RAEB II. Status III included no remission (NR), blastic crisis (BC), ³CR3 (greater than or equal to 3 times that of complete remission), and MDS treatment-related acute myeloid leukemia (tAML).
HSCT protocol
Donors were given granulocyte colony-stimulating factor (G-CSF) at a dosage of 10 µg/kg/d to mobilize peripheral blood stem cells, and the peripheral blood cells were collected at 5 and 6 days following mobilization, as previously described [12] . For the transplantation, the mononuclear cell (MNC) median dose was 6.6×10 8 cells/kg and the CD34+ cell median dose was 4.36×10 6 cells/kg [13] .
Conditioning regimen and GVHD prophylaxis protocols
The conditioning regimen included total body irradiation (TBI) at a dose of 5 Gy administered 2 times for 268 (19.2%) patients. Furthermore, 83.9% of the patients received myeloablative conditioning (MAC) while the remaining 16.1% received reduced-intensity conditioning (RIC). For those 898 (64.5%) patients receiving GVHD prophylaxis, treatment included rabbit anti-(human) thymocyte globulin (ATG) for 2.5 mg/kg/d for 3 or 4 days, the total dose was 7.5-10 mg/Kg.
Statistical analysis
General data and demographic and clinical data are summarized as mean±standard deviation (SD) with range (minimum to maximum) for age, median with range (minimum to maximum) for time-related data, and n(%) for categorical data. Demographic and clinical data and were analyzed by 2-sample t tests for continuous data with normal distribution, MannWhitney tests for continuous data without normal distribution, Pearson chi-square or Fisher's exact tests for categorical data, and log-rank tests for survival time. Moreover, a univariate Cox regression model was used to identify the association of GVHD occurrence and overall survival (OS) with mismatch of HLA loci. A multivariate Cox regression model was used to identify the association of GVHD occurrence and OS with multiple variables that had a significant association in univariate analysis. Results are shown as hazard rates (HRs) with corresponding 95% confidence intervals (95% CI) and p values. Additionally, for the survival time, the estimated mean survival time with 95%CI was determined by disease status for a given disease diagnosis and compared using log-rank tests. Kaplan-Meier survival curves were also used to determine the cumulative survival rate by disease status for a given disease diagnosis. All statistical assessments were 2-tailed and considered significant for p values <0.05. All statistical analyses were carried out with IBM SPSS statistical software version 22 for Windows (IBM Corp., New York, NY).
Results
Incidence and occurrence of GVHD
A total of 1824 patients who underwent HSCT using stem cells from unrelated donors between 2001 and 2010 were analyzed. The median leukocyte engraftment time was 13 days, and the median platelet engraftment time was 14 days. The primary graft failure rate was 1.8%.
As shown in (Table 2) . Regarding HLA matching, 757 patients had a full match, 934 patients had mismatched types (9/10-5/10), and 133 had undefined (missing) matched type.
Univariate analysis of factors associated with GVHD
Univariate analysis to identify donors and patient characteristics associated with GVHD revealed that aGVHD might be associated with patient age, pre-transplant disease status, HLA matching type, ATG therapy, TBI pre-managed therapy, and survival time (all p<0.05; Table 2 ). In contrast, cGVHD was associated with donor and patient sex, diagnostic results, ATG therapy, TBI pre-managed therapy, and survival time (all p<0.05; Table 2 ).
Association between HLA loci matching with GVHD Univariate analysis to compare the association between aGVHD, high-grade aGVHD, cGVHD, and OS with HLA loci matching, was next undertaken ( Table 4 ).
Analysis of factors associated with OS
In the present study, 439 patients died during the followup period, and the overall survival (OS) time was a median of 365 days (range, 0 day to 7.7 y). One patient died on the day of transplantation ( Table 2 ). The mortality rate by disease status for an AML, ALL, CML, and MDS diagnosis is shown in Figure 1 . For patients with AML, ALL, and CML, the mortality rates were highest with stage III disease. Indeed, disease status was associated with the survival times of patients with AML, ALL, CML, and MDS (all p£0.05; Supplementary Table 2 ). The survival times by disease status for a given disease diagnosis were also analyzed by Kaplan-Meier survival curve analysis ( Figure 2 ).
Although univariate analysis found no association between HLA loci matching and OS, an association with other DR site status was observed (p=0.036; Table 3 ). Subsequent multivariate analysis using variables associated with aGVHD and cGVHD in univariate analysis showed that pre-transplant disease status III (including NR, BC, ³CR3, MDS [tAML], HR=2.50), aGVHD level III-IV (HR= 3.18), and relapse (HR=5.92) were associated with reduced OS (both p£0.001; Table 4 ). Furthermore, ATG therapy (HR=0.55) and cGVHD (HR=0.36) were associated with prolonged survival time (both p£0.003; Table 4 ). However, the relapsed rate was higher for patients without cGVHD than those with cGVHD (10.5% vs. 7.2%, p=0.036; Table 2 ). Analysis of OS by aGVHD level revealed that HLA loci mismatching at A02: 01-A02: 07 (HR=6.76), pretreatment with ATG (HR=0.39), pre-transplant disease status II (HR=2.89), cGVHD (HR=0. 19) , and relapse (HR=12.64) were all associated with the survival time in patients with aGVHD levels I-II (all p£0.036; Supplementary Table 3 ). In patients with aGVHD levels III-IV, OS was associated with patient age (HR=1.05) and relapse (HR=16.43) (both p£0.046; Supplementary Table 3) .
Event-free survival and time to relapse
Of the 1617 patients with known survival status, the transplant-related mortality rate was 22.9% (371/1617) with a median time to event-free survival (EFS) of 88.8 months (95% CI, a Pre-transplant disease Status I included complete remission (first time) (CR1), chronic phase-phase one (CP1), and myelodysplastic syndrome (MDS), including refractory anemia (RA), refractory anemia with ring sideroblasts (RARS), refractory cytopenia with multilineage (RCMD), refractory cytopenia with multilineage dysplasia and ringed sideroblasts (RCMD-RS), and myelodysplastic syndrome-unclassified (MDS-U). Status II included complete remission (second time) (CR2), accelerated phase (AP), chronic phasephase two (CP2), partial remission (PR), and MDS (RAEB-I and RAEB-II). Status III included no remission (NR), blastic crisis (BC), ³CR3 (greater than or equal to three times that of complete remission), and MDS treatment-related acute myeloid leukemia (tAML). AML -acute myeloid leukemia; ALL -acute lymphoblastic leukemia; CML -chronic myeloid leukemia; AA -aplastic anemia; MDS -myelodysplastic syndrome; NHL -non-Hodgkin's lymphomas; ALL (Ph+) -acute lymphoblastic leukemia (with Ph chromosome); HAL -hairy cell leukemia; MM -multiple myeloma; CMML -chronic myelomonocytic leukemia; CLL -chronic lymphoblastic leukemia; TBI -total body irradiation; ATG -anti-thymocyte globulin; MNCs -mononuclear cells. Categorical data were summarized as n (%).
p-values were derived via two-sample t-tests for continuous data with normal distribution, Mann-Whitney tests for continuous data without normal distribution, Pearson Chi-square or Fisher's exact tests for categorical data, and log-rank tests for survival time. * p<0.05.
43.8-133.7 months; Figure 3 ). Log-rank tests showed that EFS times were associated with aGVHD types (p=0.002; Figure 4A ). Kaplan-Meier curves showed that the EFS rates for patients with aGVHD or in non-aGVHD were both >50%, and the estimated mean EFS times were 60.0 months (95% CI, 55.6-64.3 months) and 69.6 months (95% CI, 65.1-74.1 months) for patients with aGVHD and non-aGVHD, respectively ( Figure 4A ). Log-rank tests showed that the EFS times were also associated with the cGVHD (p<0.001; Figure 4B ). Kaplan-Meier curves showed that the estimated mean EFS times were 62.7 months (95% CI, 58.2-67.3 months) and 62.1 months (95% CI, 57.9-66.4 months) for patients with cGVHD and non-cGVHD, respectively ( Figure 4B ). The relapse curves with respect to aGVHD ( Figure 5A ) and cGVHD ( Figure 5B ) were also determined. related HLA-matched donors. However, a large proportion of patients experience GVHD following HSCT, despite prophylactic treatment. The present study was undertaken to identify factors associated with GVHD following HSCT from unrelated donors in the CMDP. aGVHD incidence decreased significantly as HLA matching increased. In addition, aGVHD was associated with patient age, absence of ATG pretreatment, and disease status. cGVHD was associated with aGVHD and TBI. Survival analysis revealed that patients with cGVHD after transplantation had a higher survival rate than patients without cGVHD, which may be due to lower relapse rates. Survival was also associated with ATG prophylaxis and disease status. a Pre-transplant disease status included Status I: complete remission (first time) (CR1), chronic phase-phase one (CP1), and myelodysplastic syndrome (MDS), including refractory anemia (RA), refractory anemia with ring sideroblasts (RARS), refractory cytopenia with multilineage (RCMD), refractory cytopenia with multilineage dysplasia and ringed sideroblasts (RCMD-RS), and myelodysplastic syndrome-unclassified (MDS-U). Status II included complete remission (second time) (CR2), accelerated phase (AP), chronic phase-phase two (CP2), partial remission (PR), and MDS (RAEB-I and RAEB-II). Status III included no remission (NR), blastic crisis (BC), ³CR3 (greater than or equal to three times that of complete remission), and MDS treatment-related acute myeloid leukemia (tAML). TBI -total body irradiation; ATG -anti-thymocyte globulin; HR -hazard ratio; 95%CI -95% confidence interval of HR.
Variables with significant association in univariate analysis were selected for multivariate analysis.
Results were presented as HR with corresponding 95%CI and p-value through multivariate Cox-regression analysis. * p<0.05.
Post-transplantation outcomes are worse with HLA-C loci match and DP1 site mismatch [14] , and worse outcomes were noted with HLA-A and DRB1 site mismatches as compared to B and C site mismatches [15, 16] . The degree of HLA loci matching is associated with aGVHD [17] ; as it increases, the incidence of aGVHD significantly decreases [15, 18, 19] . Inferior outcomes have also been noted regardless of HLA allele mismatch [20] .
In an analysis by the China Marrow Donor Program that included 1874 cases of HSCT from unrelated donors, mismatch of the HLA-A, B, CW, and DRB1 alleles were significantly associated with an increased risk of mortality and GVHD. A similar analysis of 2941 cases of allogeneic HSCT found that HLA mismatch was associated with an increased risk of moderate-to-high-grade aGVHD [21] . Similarly, HLA loci matching status was significantly associated with a composite endpoint of GVHD-free/relapse-free survival [22] . Furthermore, in Chinese patients, HLA-A, B, C locus mismatch was associated with lower OS and grade II-IV acute GVHD compared with HLA-matched pairs [23] . Morishima et al. [24] also showed that mismatch in the HLA-C alleles was a significant risk factor for cGVHD; mismatch between HLA-A2 alleles (donor 02: 01 with patient 02: 06) was associated with GVHD and negatively impacted patient survival [25] . Similarly, in the present study, aGVHD was significantly associated with the degree of HLA matching. Furthermore, HLA loci mismatch at A02: 01-A02: 06 was significantly associated with increased risk of aGVHD and cGVHD; mismatch at A02: 01-A02: 07 was also associated with cGVHD by multivariate analysis. Mismatch at CW sites other than CW 304-702 and 702-304 was also associated with aGVHD only. However, mismatch at the A, DR, and CW loci were not associated with high-grade aGVHD. This is in contrast to results reported by Kawase et al. [26] , who analyzed 5210 donor/patient pairs and found that both the A and CW loci mismatches were significantly correlated with highgrade GVHD. This discrepancy may be due to ethnic differences or the small sample size in the present study. Nevertheless, post-transplant cyclophosphamide may prevent GVHD despite HLA donor mismatch [27] . The influence of a HLA mismatch site on post-transplantation GVHD is connected with the degree of HLA allele mismatch, which leads to inconsistent HLA matching conclusions. Thus, our results must be verified in larger studies with more patients.
Previous studies have also shown that donor and patient age and sex were associated with GVHD [8] [9] [10] 28] . Specifically, Punatar et al. [29] reported that cGVHD incidence was higher in male patients with female donors. In the present study, univariate and multivariate analyses revealed that patient age was significantly associated with aGVHD; patients with aGVHD were significantly younger. This may be due to the strict age limits applied in our study as opposed to general transplantation, which resulted in a young patient cohort with a mean age of 27.38±11.85 years. Furthermore, a greater proportion of male patients with male donors had cGVHD as compared to female patients with female donors.
In addition to HLA matching, the conditioning regimen, including myeloablative conditioning regimen (MAC) and the reducedintensity conditioning regimen (RIC) [30] [31] [32] [33] [34] [35] , is an important factor dictating the success of HSCT. Although analysis from a large multicenter registry showed no differences in outcomes between RIC and MAC for those age <50 years, RIC was superior for adults >50 years [36] . RIC uses fludarabine and rabbit ATG to strengthen immune inhibition and lower the doses of cytotoxic drugs and steroids [37] , thereby reducing tissue damage, inflammatory cytokine secretion, and, therefore, the incidence of aGVHD. In the current study, the same immunosuppression strategy (CSA plus short-MTX and mycophenolate mofetil) was used for GVHD prophylaxis in almost all cases. The only difference was that rabbit ATG was used in some cases to remove T lymphocytes in the grafts. Here, the absence of ATG prophylaxis was associated with aGVHD, which is consistent with a previous study of HSCT from Korea [38] , in which the incidence of grade II-IV aGVHD was reduced from 41.9% to 25.0% with ATG. In addition, ATG may reduce the incidence of moderate-to-high-grade/severe aGVHD [39, 40] as well as increase the 6-year OS [41] . ATG may also reduce the 5-year non-relapse mortality following bone marrow transplantation from unrelated donors (VIII) and III-IV aGVHD [41] when fludarabine is used in the conditioning regimen. Finally, ATG prophylaxis was associated with improved patient survival, especially in those with aGVHD levels I-II, in the present study.
In addition to aGVHD, ATG can reduce the incidence of cGVHD [26, 37, 42] as well as the occurrence of widespread cGVHD [41, 43] . A cooperative study by multiple centers in Germany further showed that ATG can significantly reduce the incidence of cGVHD [44] . Although univariate analysis identified that ATG prophylaxis was associated with reduced incidence of cGVHD, multivariate analysis did not show this association, which may be due to lack of follow-up data. It is possible that this discrepancy is due to the fact that the majority of cases in this study used ATG to prevent aGVHD.
Previous studies have found that pretreatment regimens, including TBI, are advantageous in highly malignant diseases, especially in younger patients [40] . In patients with CML, TBI significantly reduced the incidence of cGVHD (30% vs. 65%); however, there is no significant difference in the incidence of aGVHD and OS [45] . In contrast, TBI was associated with incidence of aGVHD and cGVHD by univariate analysis in the present study, and it continued to be associated with incidence of cGVHD by multivariate analysis. Furthermore, although it appears to have a protective effect for OS (HR=0.78), it was not significant (p=0.306). These results are consistent with those of Cahu et al. [46] in which a pretreatment regimen, including TBI, increased the incidence of Grade II-IV aGVHD in T-ALL patients after 100 days, and the 5-year cumulative cGVHD (localized and general) also increased. TBI-containing pretreatment regimens also significantly improved OS and LFS in patients <35 years of age [46] . This is also similar to an analysis that included 2941 cases of allogeneic HSCT in which moderateto-medium aGVHD was associated with using a conditioning regimen that included TBI, which may be related to TBImediated endothelial and epithelial cell injury. However, other studies have shown that TBI is safe in patients with unrelated donors [14] . Because Kornbilt et al. [47] showed that the addition of sirolimus to tacrolimus and mycophenolate mofetil was associated with reduced incidence of GVHD, selection of the conditioning regimen should consider patient age, type of illness, disease status, and organ function.
Some studies have shown that different types of disease diagnoses at transplantation may lead to differences in the incidences of post-transplant cGVHD. For example, aplastic anemia (AA) and chronic myeloid leukemia (CML) have been associated with higher incidences of cGVHD. In this study, cGVHD incidence was associated with diagnostic results; a greater proportion of patients with cGVHD were diagnosed with CML. In addition, aGVHD was found to be an important risk factor for cGVHD, indicating that patients with aGVHD had high possibility of developing cGVHD. Although Czerw et al. [44] showed that CD34+ cell content was associated with increased GVHD in an analysis of 203 adults, no such associations with either aGVHD or cGVHD were observed in the present study. 
A B
Studies have shown that HLA mismatches may have a significant impact on the incidence of GVHD without altering patient survival [48] . Similarly, with the exception of DR sites other than a full match or the DRB1 12: 02-12: 01 mismatch, HLA loci matching was not associated with OS in the present study. This is in agreement with previous studies that showed similar survival rates for patients undergoing matched related and unrelated, single-antigen mismatched unrelated, double cord blood [49, 50] , and haploidentical relative procedures [51] . Given the association of the natural killer cell immunoglobulin-like receptors with HLA class I ligands and patient survival and relapse [52] , further studies will examine these haplotypes with GVHD occurrence in patients undergoing HSCT.
In the present study, patients with cGVHD after transplantation had a higher survival rate than patients without cGVHD. This is similar to that reported by Punatar et al. [29] in which the authors concluded that this observation may be due to lower relapse rates in the cGVHD group versus those without cGVHD (18% vs. 51%). Similarly, the cGVHD group had significantly lower relapse rates as compared to those without cGVHD in the present study (7.2% vs. 10.5%, respectively), which may account for the survival effects.
Conclusions
The degree of HLA matching, conditioning regimen, and ATG prophylaxis may affect the incidence of aGVHD and cGVHD. Thus, improvements in HLA matching, a non-TBI conditioning regimen, and the use of ATG prophylaxis will likely reduce the incidence of GVHD. Data were summarized as n (%).
Supplementary Tables
Supplementary Table 2 . Summary of the estimated survival times (months) for a given disease diagnosis.
AML -acute myeloid leukemia; ALL -acute lymphoblastic leukemia; CML -chronic myeloid leukemia; AA -aplastic anemia; MDS -myelodysplastic syndrome; NHL -non-Hodgkin's lymphomas; ALL (Ph+) -acute lymphoblastic leukemia (with Ph chromosome); HAL -hairy cell leukemia; MM -multiple myeloma; CMML -chronic myelomonocytic leukemia; CLL -chronic lymphoblastic leukemia; TBI -total body irradiation; ATG -anti-thymocyte globulin; MNCs -mononuclear cells. 
